Summary. This report is concerned with hormone concentrations accompanying sexual maturation in a highly 'masculinized' female mammal, the spotted hyaena, Crocuta crocuta. Plasma concentrations of testosterone, androstenedione and oestrogen were determined by radioimmunoassay in a longitudinal study of 12 female and eight male hyaenas 2\m=.\5\p=n-\62\m=.\5months old. Concentrations of testosterone were significantly higher in males than in females after 26\m=.\5months of age, but earlier measurements did not differ between sexes. Mean testosterone concentrations in adult female hyaenas ( 0\ m=. \ 4\ p=n-\ 0\ m=. \ 5ng ml \ m=-\ 1) were similar to those in several other female mammals that do not display a 'masculine' profile, but mean concentrations of androstenedione (2\ m=. \ 5\ p=n-\ 5\ m=. \ 5ng ml \m=-\1) in female hyaenas were significantly higher than in males ( 1\ m=. \ 0\ p=n-\ 2\ m=. \ 0ng ml\m=-\1), at most ages. Oestrogen could not be detected (<0\m=.\03 ng ml \m=-\1) in females until about 14 months of age and then increased (to approximately 0\m=.\13 ng ml \m=-\1) between 18 and 30 months; oestrogen remained undetectable in males. This rise in oestrogen in females corresponded to nipple enlargement and to changes in the size and elasticity of the urogenital meatus, permitting copulation and parturition through the clitoris. Gonadectomy (two males and four females) at 4\p=n-\7months resulted in nondetectable concentrations of testosterone and oestrogen and a marked attenuation in androstenedione (to approximately 0\m=.\39 ng ml \m=-\1), indicating that the gonads are the major source of these three steroids. Gonadectomy also eliminated sex differences in weight, nipple development and elasticity of the urogenital meatus.
Introduction
Adult female spotted hyaenas (Crocuta crocuta) are larger and more aggressive than males, and are dominant to males in a broad array of social situations (Kruuk, 1972; Frank, 1986b; Frank et al., 1989) . The external genitals of female spotted hyaenas are remarkably similar to those of the male. The hypertrophied clitoris is traversed by a central urogenital canal through which the female hyaena urinates, receives the male during copulation and gives birth (Matthews, 1939; Neaves et al., 1980; Frank et ai, 1990) . The internal reproductive tracts follow the typical pattern of a female mammal (Matthews, 1939) . Male and female hyaenas regularly exhibit similar erections during 'meeting ceremonies', in the course of which the subordinate animal generally initiates the ceremony by offering its erect phallus for olfactory inspection by the dominant member of the pair (Kruuk, 1972) .
The preceding array of morphological and behavioural characteristics has led to a search for androgens in the circulation of female spotted hyaenas that might account for their 'masculine' morphology and behaviour. Equally important, in the light of their masculinized genitals, are the endocrine mechanisms permitting the female hyaena to engage in successful reproductive activities.
Some authors (Racey & Skinner, 1979; Lindeque et al., 1986) have concluded that there is no sex difference in plasma testosterone, while others (Frank et al., 1985a) have obtained significantly higher concentrations in males than in females. Plasma androstenedione is generally higher in females than in males, although the timing of significant differences has varied among studies (Racey & Skinner, 1979; Lindeque et al., 1986; Glickman et al., 1987) . All of the preceding work with subadult and adult hyaenas has been based on single samples from a diverse assortment of wild animals that were shot or chemically immobilized. Failure to find statistically significant differences could, in part, be explained by the enhanced variability inherent in this type of sampling.
The data presented in this report were gathered as part of a project devoted to the longitudinal study of behavioural and morphological sexual differentiation in spotted hyaenas maintained in captivity. Our research has concentrated on determining which hormones, secreted or metabolized by which structures, at what times of development, could account for the array of 'masculine' traits, while maintaining successful reproduction in female hyaenas.
Presumably, most organizational effects of such hormones occur during prenatal, or early postnatal periods (genitalia are already 'masculinized' at birth). However, concurrent studies of behaviour of our study animals indicated that ovariectomy drastically reduced female aggressive¬ ness towards males (Baker, 1990) . Given the typical activating effects of androgens on aggressive behaviour in male mammals (e.g. Bouissou, 1983) , we were particularly interested in the possibility that ovariectomy produces a substantial decrease in plasma androgens in female spotted hyaenas, possibly accounting for the reduction in female aggressiveness towards males.
Mating in these animals involves female reception of the male through the clitoris. We were, therefore, also interested in the emergence of steroid-dependent changes in the urogenital meatus of the female, associated with the attainment of puberty, permitting the male to achieve entry. Histological evidence from wild hyaenas (Matthews, 1939) as well as behavioural observations from nature suggest that male hyaenas are reproductively mature at 2 years of age and females at 3 years of age (Frank, 1986a) . In this paper, we (i) describe the time-course of sexual maturation, as reflected in increments in testosterone, androstenedione and oestrogen; (ii) re-examine sexual differentiation of androgen secretion in a stable population of known age; and (iii) assess ovarian contributions to steroid secretion and morphology through comparison between intact and gonadectomized animals at different ages. This analysis was restricted to nonpregnant female hyaenas. It is now clear that hormonal profiles are altered markedly during pregnancy (Licht et al., 1992 
Blood sampling
Animals were immobilized (with blowdarts) with intramuscular injections of ketamine (4-6 mg kg" ') and xylazine (1 mg kg" '). Blood was drawn from the jugular vein using a 22-gauge needle-vacutainer system. The blood was then centrifuged at 1000 g for 5 min and the plasma drawn and frozen for subsequent radioimmunoassay.
During the first year of study with the first cohort, we sampled hormones on a monthly basis. However, concern with the possible effects of frequent immobilization and sampling on concurrent or long-term behavioural assays led us to restrict sampling to intervals of 2-4 months during subsequent phases of this research. (Licht et ai, 1982 A limited series of plasma samples from each sex were analysed by celite chromatography (Wingfield & Farner, 1975 
Averaging data within age periods
The interval between 2-5 and 62-5 months was divided into nine age periods. Between one and four samples had been collected for each subject during each of these periods. Statistical analyses were carried out using averaged values for each animal during each age period. These values provided the most stable estimate of steroid concentration for each individual during particular periods of development. The initial age blocks were selected with respect to the timing of gonadectomies, which had been performed between 4 and 7 months of age. Thus, the pre-gonadectomy block (age period 1) included samples taken between 2-5 and 4-5 months of age, whereas age period 2 (after gonadectomy) comprised samples obtained between 6-5 and 8-5 months of age. The duration of age periods 3-9 reflected the frequency of our sampling, i.e. as animals matured, we sampled less frequently. The interval between 8-5 and 38-5 months of age was divided into 6-month periods, with midpoints of 11-5 (period 3), 17-5 (period 4), 23-5 (period 5), (period 6) and 35-5 (period 7) months. The final 2 years was divided into 12-month periods, with midpoints of 44-5 (period 8) and 56-5 (period 9) months.
Statistical analyses of averaged data
All of the steroid data were analysed within age periods using two-factor analysis of variance (anova), after log transformation of individual values to compensate for significant heterogeneity of variance between groups. There were two instances, involving two females, where all available samples for a particular age period were obtained when the animals were pregnant. To complete the anova matrix we used average values, based on the periods immediately before and immediately after the missing cases. If an initial two-factor anova, with repeated measures on the age dimension, revealed a significant effect of age, treatment condition (sex or gonadal status), or a significant interaction between age and treatment condition, further tests were carried out to localize the source of the effect(s). The signifi¬ cance of differences within treatment groups as a function of age was evaluated using anova for repeated measures, followed by comparisons with Fisher's protected least significant difference (PLSD) statistic, which adjusts for the number of comparisons under study. Differences between treatment groups, within age periods, were evaluated by factorial anova followed by comparisons using Fisher's PLSD statistic. In several cases, where most samples from one of the groups was in the nondetectable range, significance between groups was assessed with a nonparametric statistic, the Mann-Whitney U test.
Results

Individual records
Representative developmental trends in individual plasma concentrations of 'testosterone', androstenedione and 'oestrogen' are presented for two intact male and two intact female hyaenas ( Fig. 1 a- (Fig. lc) , there were no clear sex differences among the four hyaenas before about 21 months of age, but after that all the values greater than 1 ng ml"1 were from the two males. The reverse situation obtained for plasma concentrations of androstenedione (Fig. lb) ; all plasma values of androstenedione greater than 6ng ml"1 were presented by females. Moreover, there were no obvious age-related changes in this steroid. Plasma 'oestrogen' con¬ centrations fluctuated near the level of detectability (approximately 20 pg ml"1) throughout maturation in both males, never exceeding 005 ng ml"1. Both females presented oestradiol concentrations higher than the maximum male values at 18-20 months of age and, after that commonly exhibited values between 01 and 0-3 ng ml"1 (Fig. la) .
Progesterone was not measured routinely in males because most measured values were < 1 ng ml"1. Of 310 measurements for females with no evidence of sustained pregnancies, progesterone was <1 ng ml"1 in 213 samples, 1-10 ng ml"1 (mean 2-7) in 79 samples and > 10 ng ml"1 (mean There were no significant differences between intact and gonadectomized animals (P > 010) before surgery (age period 1 ). Removal of the gonads significantly reduced androstenedione con¬ centrations during all postoperative periods for females (P < 005), but not for males, when intact subjects were compared with gonadectomized subjects. However, circulating androstenedione (averaging 0-39 ng ml"l) remained detectable in all post-gonadectomy samples.
Plasma concentrations of androstenedione in intact females were significantly higher than in intact males (P < 005) for age periods 1, 3, 4, 6, 7 and 8. Examination of maximum values of androstenedione for each subject during the entire study ( Table 1 ) also revealed that all females developed significantly higher peak concentrations than all males (Mann-Whitney US6 = 0, < 0001). Plasma androstenedione was consistently higher than 'testosterone' in samples from females and in most samples from males. As expected from relative androstenedione and 'testosterone' values, the androstenedione:'testosterone' ratio was much higher in females (15-7 ± 1-7, = 198) than in males (4-74 + 0-48, = 139). Individual plasma androstenedione and 'testosterone' were significantly and positively (P < 001) correlated in both sexes (females, r = 0-68; males, r = 0-44). There were no significant differences between intact and ovariectomized females or between intact and castrated males (P > 010) before surgery (age period 1). Removal of the gonads significantly reduced androstenedione concentrations during all postoperative periods for females (P < 005), and for males during periods 5, 6 and 9, when intact subjects were compared with gonadectomized subjects within-sex.
'Oestrogen'. Because of sampling limitations, statistical comparisons between groups were limited to intact males versus intact females, and further to age periods [4] [5] [6] [7] [8] [9] (Fig. 2a) Fig. 3 ). Further post hoc comparisons within age periods indicated that the only significant differences in weight were between intact males and females, females being approximately 20% heavier during age periods 3-9 (Fisher PLSD, all < 005).
Nipple development. Measurements were available for all subjects during age periods 4-6 and a subset of three intact females, two gonadectomized females, three intact males and two gonadectomized males for age periods 2 and 3 (Fig. 4a) .
Repeated-measures analyses of variance, using data from age periods 4-6, indicated a highly significant increment in nipple diameter in intact females (F2 14 = 40-78, < 00001), anápost hoc comparisons between age categories were all significant (P < 005). There were no significant changes during these age periods in intact males (F2 l0 = 1-22, > 010) or gonadectomized females (F26 = 013, > 010). During age period 4, significant differences were restricted to the comparison between intact females and intact males, but, during periods 5 and 6, intact females differed significantly [P < 005) from all three comparison groups, while the remaining groups did not differ significantly from one another (all > 010).
Meatus development. Repeated measures anova, using all post-gonadectomy samples indi¬ cated that a highly significant increase occurred with age in intact females (F4 28 . anova comparing sex and treatment groups, within age periods, were significant during all six age periods studied (all F3 16 > 4-34, < 005). Before surgery, there were no significant differences in meatus diameter between pregonadectomized females and intact females, although intact males had a significantly smaller meatus than either intact or pregonadectomized females (P < 0-05). During age periods 2^4, after surgery, this pattern persisted, while the difference between gonadectomized females and gonadectomized males also achieved statistical significance (P < 005), but, during age periods 5 and 6, a significant differ¬ ence in meatus diameter emerged between intact and gonadectomized females (P < 005). During the final age period under consideration (27-32 months), the differences between gonadectomized females and both male groups were no longer statistically significant (P > 010).
Although meatus length increased (Table 2) in all hyaenas when tension on the callipers was increased from 50 to 100 g, changes in intact males, gonadectomized males and gonadectomized (n = 8) (n = 4) (n = 6) (« = 2)
Tension of 50g 21-6(7-6) 12-7(1-5) 7-9(0-5) 6-8(0-9)
Tension of 100 g 26-2(7-1) 13-4(1-5) 8-3(0-5) 7-1(1-1) Because adult females are larger, more aggressive and more dominant than males, there has been a natural interest in the presence of circulating androgens that might account for these sex differences. In terms of absolute concentrations of 'testosterone', reports of plasma values for adult, nonpregnant, female spotted hyaenas have ranged from 0-30 to 1-lOng ml"1 (Racey & Skinner, 1979; Frank et al., 1985; Lindeque & Skinner, 1986) , 1984; Concannon & Castracane, 1985) , Siberian tigers (0-20-0-70 ng ml" u. Seal et al., 1985) , rhesus monkeys (0-20-0-80 ng ml" ': Feder, 1985) and bonnet macaque monkeys (0-40-1-90 ng ml"1: Rao & Kotagi, 1982 There has been some controversy regarding sexual dimorphism in plasma 'testosterone' in adult spotted hyaenas, but the disagreement has been more a matter of interpretation than a conflict between laboratories. In every published report, males have presented higher 'testosterone' concen¬ trations than females, even though this difference did not achieve statistical significance in some studies (Racey & Skinner, 1979; Lindeque et ai, 1986) , whereas male-female differences did achieve statistical significance in the study by Frank et al. (1986a) . It now seems clear, from (a) the new data on average 'testosterone' values presented in this study, (b) analysis of maximum values of 'testosterone' in males and females and (c) examination of data from past and present reports, that average and maximum concentrations of 'testosterone' are higher in adult male than in non¬ pregnant, adult female hyaenas. However, given the wide variation in 'testosterone' concentrations within and among male hyaenas, the occasional failure to detect statistically significant differences is not surprising.
There are a number of potential sources of this variability. Frank et al. (1985a) Lindeque's (1981) sample of adult males, only four of 20 animals were judged to be more than 3 years old. Finally pulsatile secretion of 'testosterone' could account for some of the observed variation in males, as Gombe (1985) has reported in females.
What seems to be unusual about female spotted hyaenas is their consistently high concentration of androstenedione. Average, absolute plasma values of androstenedione in adult, nonpregnant female hyaenas ranged between 3-80 and 5-60 ng ml"1, as a function of age, in the present report. These values are higher than nearly all average concentrations reported for other (nonpregnant) female mammals (Feder, 1985) . In terms of ratios, female spotted hyaenas in the present report displayed concentrations of androstenedione that were 2-5 times those in adult males of compar¬ able age. Although adult male mammals of some species (laboratory rats, rabbits and bulls) present higher values of androstenedione than females, female rhesus monkeys and human females have peak values of plasma androstenedione that are typically 1-5-3 times higher than in males, during portions of their reproductive cycle (Feder, 1985) . In sum, however, female hyaenas do present an unusually consistent picture of high concentrations of androstenedione, whether compared with other female mammals, or males of their species. Androstenedione, presumably functioning as a prohormone, produces significant activational effects on uterine weight in female rats (Beyer & Komisaruk, 1971) , seminal vesicle growth in male rats (Labrie et al., 1988) , mating behaviour in male hamsters (Whalen & DeBold, 1974) and aggression in male mice (Erpino & Chappelle, 1971) . It seems likely that the high plasma concentrations of androstenedione found in female spotted hyaenas facilitate the appearance of 'masculine' characteristics in these animals.
Sources of circulating androgens
The present results support the hypothesis of Matthews (1939) (1986) and Glickman et al. (1987) , in suggesting that the ovaries are the primary source of androgens in the female spotted hyaena. Comparisons of ovariectomized and intact subjects indicate that ovarian androgens account for most of the 'testosterone' and 'androstenedione' from the earlyjuvenile period through reproductive maturity (in nonpregnant hyaenas). Extragonadal sources (presumably adrenal) may contribute small amounts to circulating androstenedione, but probably not significantly to 'testosterone' or 'oestrogen'.
Behavioural observations within our colony indicated that, on average, intact females threatened, or attacked, intact males much more frequently than intact males threatened or attacked intact females. However, the reverse situation obtained in ovariectomized subjects. Intact males were more aggressive towards ovariectomized females than such females were towards intact males during spontaneous aggressive encounters (Baker, 1990) . Plasma androstenedione, testosterone and oestrogen are all reduced by ovariectomy. Since all three steroids can activate aggression in some species (Erpino & Chappelle, 1971; Bouissou, 1983; Simon & Whalen, 1987) , determination of which of these steroids normally contributes to the aggressiveness of female hyaenas towards males awaits appropriate hormone replacement experiments.
Gonadal secretions and reproduction in female hyaenas
Female hyaenas in this study first conceived at the conclusion of their second year, as has been reported in nature (Frank, 1986a) . However, the achievement of puberty in female hyaenas is a lengthy process, in which ovarian secretions play a significant role from an early age. Removal of the ovaries prevents the normal development of the nipples of the female hyaena beginning at 9-14 months of age. At a later time, associated with a marked rise in oestrogen, the unusual urogenital meatus of the female hyaena lengthens and becomes relatively elastic. This is apparently essential if the female is to be able to receive the male and give birth through this orifice. Such changes in the length and elasticity of the meatus during the late prepubertal period also require ovarian secretions. Thus, ovarian steroids of the spotted hyaena apparently play a dual role: facilitating female reproductive functioning and contributing to female aggressiveness and dominance towards males.
